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I. INTRODUC! ION

Nose mounted canards are attractive candilates for aerodynamic
controls on a guided missile for Keveral reasons. Generally. the hingr
moments are small compared to those devdlloped by an equally effective
tail control. The effectiveness uf canards increases with increasing
angle of attack rather than decreasing as does tail control effective-
ness. Also canards miay be employed to tailor the missile stability
margin by decreasing the transonic stability hump (1].

A common reqiremnent for a guided missile is that the roll rate
should be maintained at d low level or ever ¶.hat the mitsile should be
fixed in roll position. One potential advantage of nose mounted canards
is that they may be considercd as roll control devices as well as giving
control forces for a manetvering missile. The purpose of this study is
to investigate the effectiveness of small, nose mounted canards in
developing rolling moments for roll attitude and roll rate control.

The aerodynamics properties ot canard-cail configurations are
complicated by vortices, produced by the canards at incidence, trailing
past the tail panejs and effecting the tail lift. This phenomenon may
be beneficial at times such as by increasing trim angle of attack for
a given canard deflection angle or by decreaszng the transonic static
margin rise, thereby decreasing flight path errors due to wind
sensitivity.

Theoretical predictions of the aerodynamics of canard-planar tail
configurations are complicated by the difficulty in estimating correctly
the canard induced vortex strengths and the vortex trajectories as they
trail downstream past tne tail panels. The method of Pitts, Nielsen,
and Kaattari (2] was modified to calculate canard ,ortex induced planar
tail tolling moments but comparison with experimental data was poor;
therefore, it was not included in this report.

Wind tunnel data were obtained fot canard-planar tail configurations
r with variable canard longitudinal positions. Mach number was varied

from 0.6 to 4.5 and angle of attack and canard differential deilection
was varied from -3o tc 50. The data wera obtained from three different
test facilities.

Some data were obcained for" a canard-ring tail conifigurarion at
Mach numbers 2.5 and 4.5 with the canards located in only the most att
position. Comparisons are made between the canard-planar tail configur-
ations and the canard-ring tail configuration in roll control
effectiveness.
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II. EXPERIMENTAL PROGRAM

A. TvsL I it C fieL S

The 8-fL transonic wind tunnel , located at CALSI 'N
Corpor.ktiuin, bu!lfolo, New York, was used to obtain the data for ,M1ah
numbers o, 0.6 to 1.25. The tunner test u.ction has perforateC walls
and .i iux'lilary pumping syszem for ai tenuation of reflected shock a.d
,x'ansiion wuvcs oni models in the low supersuniic range. This method of
attenuattin reflected shock and expansion wa•es is Jescribed in detail
ir, Refecence J. The closed circuit tunnel is capable of ipeeds fro-M
5 ftisez up to Mach number 1.3',. For this t.:srt, the tunnel was
primarily run "n a constant mass mude which is the most efficient way,
timtwise, to operate at several Muich nur'cers. Constant mass mode meins
thati no air Is added to the tunnel in going from one Mach number to
._noth.2r. Ir. this node, boti Reyr.olds number and dynamic pressure vary

with Mach number. A photograph of the inLtallation is presented in
Fijgurc 1.

Vie Anes Research Center 6 ft x 6 t supersonic wind tunnel was
used to obtain dati for Aach numbers 1.5 and 2.0. It is a closed-circuit,
single-return, continuous-flow facility and has an 3syu;-metric sliding-
block nozzle and a test sactLon with perforated floor and ceiling to
perm-t boundary-layer removal. Continuous testing is available for

Nach numbers from 0.25 to 2.25' ith Reynolds numbers trom 1.0 - 10 to

5.0 , 10 6 /fr and a maximum stagnation temrerature of 5800 R. The tunnel
air 1! driven by an eight-stage, axial-flow compressor .-owered by two
clti. icik' motors mouttted in tdndem ouLside thv wiJAd vattnel. The Ames
sting, El 11 235-500, together with a 5' angle adaptor, was used to
mount the model. The model was inverted in tie tunnel during all the
tests.

The Arnold Engineering Development CettLer, Von Kateoi, Facility,

Tunnel A, was used to obtain data for Mach numbers 2.5, 3.0, and 4.5.
Tunnel A is a crntin'tous, clcsed-circuit, variable density wind tunnel
with an automatically driven flexible-plate nozzle and a 40 in. ; 40 in.

b test sectLon. The tunnel can be operated at Macu!. numbers from 1.5
to 6.0 zt maxinum stagnation pressures from 29 to 200 psia, respectively,

rl and s,.agnaticn temperatures up Lo 75U0 R (A'. - 6.0). Minimun. operating

pressures rinne f.,am approximately one-tenth to one-twentieth of the
Smaximum at each Mach number. The tunnel is equipped with a model
injection system, whizh allows removal of tht. model from the test section

Lt, thc Lunmi,: ro'nains in operation.
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1. ýitnd Tunnel Model

]Thu wind tunnel model waF a sting mounted body of ruvolu-
Lion, 5.0 in. diamete~r, 52.0 in. lung, and hid a tl.ree calilier Lail.uIl.
ugivc. The model body ir shown in Figurc 2. The model was tested withi
two sets of canards, one set of planar tail panels and a ring tail.
The model was unique in that all four canards "nd Lail parnels were eachi
mounted on three component balances along with a six-component main
balance which raea,:uied total model loads. Each canard was deflected
remotely; the deflection angles were measured by potentiometers mounted
on the canard deflection mechanism. The tail panel. e.-e iindeflectcd
throughout the tests.

C. Canards

The two sets of canards had essentially the same plan-
foim. These two sets were tested at two different longitudin;l
positions on the model nose with the canard root chord remaining
tangent to the model surface at the canard hinge poi.nt. The two
longitudinal positions are shown in Figure 3; the canards are shown

in Figure 4.

D. Tail

A rectangular tail was tested with tho trailing edge
flush with the model base. The tail has an exposed aspect ratio of
1.0. A ring tail, designed to give approximately the same Static
stability as the planar tail was tested at Mach numbers 2.5 and 4.0.
The vertical support struts were not attached to tie body. With this
arrangement, the two horizontal tail balancea provided measurements
of th_ total force on the ring tail. The tails are shown in Figure 4.

E. Test Conditions

The canard-plandr tail configurations vere tested at
Mach numbers 0.6, 0.8, 0.9, 1.05, 1.25, 1.5, 2.0, 2.5, 3.0, and 4.5,'
while the ring tail configu,:ation was tested only at Mach numbers 2.5
and 4.5. The angle of attack was varied from approximacely -3* to 58
and the canards were deflected differentialiy from -?* to 5e* All
data were corrected for sting deflections ana flow angularities.
Tunnel operatithg conditions are give:, in Table 1. The main balance
accuracy was estimated to be 0.5% of fuil sLale fo: each balance gage
and the paael balance accuracies were estimated to be on the order of
i% of full scale, where the full scalc loras a'e:

Canard Tail

a, Normal forze (Ib) 40 60

"Root bending mo'ent 35 130

(in.-lb)

Hinge moment (in.-lb) 25 100

5
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Number Rpytw, ld4 No. lu ill,

0i. 8 O.17 50U

0.9 0.18 4.2Q

1.05 0.19 4?90

1.)54 0. 11 550

1. 5 0.20 500

2.0 0.20 5 V)

S5 0.23 547

3.0 0.26 1 547

It wai estimated Oialt atlv ul attack was accurate to -0.0; and
canard deflOcLion arngles tu "0.10'. The basic u4nd tunnel data -irv.

presented in plotted form In Referen,.es .4, 5, and 6. Tlhl, data axis
uystem ito shown in Figure 5.

F. Da.tii Reduct ion

Total ind4lbrolling modent i oen'iciert .--.s cculated1trom the canard and tail balance da~a itC, 01P follulwing riner:

C M- + CIl
R I B C2 5B B CCR - Cl Cos2 + C .C " o C+ Cc4

-D- (-CNcI CO8A1C, + CNc 2  c 2 +.,Nc 3 coJ C3

-CNc cos 'C4)

C -C CM + C + CT

MT M 1R S B B B1' Ti T2 T3 T4

+ - C N + CN + L'
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III DISCUSSION AND R~ESULTS

A. L.otiari-a-1iI Cvl.; t~urt'iilon Aurudyrnaics

1li, .avrodvii~arnc Oiaracte riotic-i of canard-Liail coixtigura-
t. ioiis ltre % omp I ;( b-% iube t. hvt c ina&r dis d -I ; Iti 'Heno. gvier.i te vo rt Ic vs
Wi' it: tit r1 ; Ii d.'wn't FVai .I'-t. the ta il and % igiý( iC f cant 1y chanige 01 Lo.it ii
1i1t. Vortex c ist~v i-.: s , u-,h ;% nui-ioer of vurt ici's , strQ1ngci,
pos it I mi, andt tyre ýkrv kul ten !if ( ictuh tv predict. anatlyt lccii I Y . At
mtodvratt! angles of ut'tack. Lith body may ~vcfl generate SyVnmott'iCUl or
uvnsymmetrik l.. Vknir~ies Which change the flow f ied about the Lail
parilsl dL'd aflIct~ ta.il lift. Spahr rnd Dickey (71 have shomi thatI
the 4etwerry of- tho wit',e .iL it leavos the caiu~rd or wing varies
lion~ider.ably with .canat d aspect ratioa .nd angle of attack. The vcrtex
sheoit generated 11, low aspect. ratio canard with %labsonic, leading edge
tends to roll ulp into a .iingic vor-t'x ahc~d of the traiiing edge;lic~wever, the vortex~ ivke ge~nerated hy a large aspect ratio canard at:
iargc u&L~gltŽ of -Attack and with a supersouic leading edge may Ieave
the traiiing edge its a vo&czex sheet Oiich rolls up into two vortices
at Slone poin,. doum'strearn cl the canard. The fG1lowing sketch shows

I.AC
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'1hle carlnirds used iii L ii Is zii.' es t .lgit tot ai 'll thad s -t:I soni I C: Ita
anti th ICvt I Ivs of v4apo1t. stEf 'vint 1,ographis inIi I gmrt' Cr Slhows t 11.1 C tnt

vur t#cx is sliud I rom etchi cantiord iand appjeair,, to Uti': j c t-,ipIvt ]) i. Ic-u
up ats it 1 caves t ivt' an a ra d t ra i 1 I g edge. I tic -.c : I is ul v~i,'r sc: It

pliotographsu were takeni -t anil anglfo of al'.t~i ci 12", SO IC. hat)i VýII)q
fur thle hotly indoccd votV ticuis to be gene rat. d ais sts'wii inl tic 'Ii~o~.tm:ri;'!,-

B. Uhserv;U itloiw I rumi EX1'cr Inicrial Diatai

Wind tunnel. t4.:sts were conducted Iii wt1 cl ca~la i'jti, t c s id
canards wecre duf lct. td di 111er.-it tally over thec rarigt -3' to 5' soc, tha
eacti canardl prodaced a rr. ii big moment In thle S art dl rotL it 'll Iom t ti

model cciiterltilie. Angi~le of- acmnck was, var iet It. twecri -36 adi 5' At
vacti canard and Maclh number condition.

C. Planar Tail

ri1gurvs; 7 throughli, 24Sh'.0' .- l ing nOr~le,i cotlfr it. lit. -P
a f uric tir. (t 'hi cli iinumbr and anglIe of atr.IC :ic V'r a coast.itt S V di ffe r -

cnt lal canard deflect ion' w,.tti the canard% :ii die forw~ard ai~d aft
posit ion. These plots show the r ol1 liii fliornnit c''tI I ic tent dvcn;'ej

by d-iv canards only v dtiv ta .iiJs-n mv . anid Oir LtJirilards 'ustil U:. tt1 1-LOAl

roll itig moncaet I ItCic cL't) . IoUta 1 nIl I lagý mo-c at co'r t. I ,vlnt. r;,ca urcivi

directly hiorn ., ucivodel ma in balaknce! is a) s s- ii arid gciiBcurý-
pares very well wi th thev value~s compoted I roti c.anard and tall I alazn: s

The mi-st notable aspvct of tl.t: p1 an.,r to.il c t'ris2 ,gorat Ion dat aIs
thit. whilie tie rolli[ag miorien t -love]0td 'IN' ci\tlt'hc Ctial ¾Is 1i argt' Ml

that developý,d "~v the tail is lirge * the suntirmed railing mnomeit. Coolt-
fictont is snail beCcause the direction oir :ign ofl thme cinardI andl taill
value's are difler'nt . Theo- c usartl roll iip- "-oenwnt ;cf].t~~*~~ gtim-
o ratetl by the devi trcftuin aug IQ Of tOW' !our .tna ris; liowevczr, t ho Ldait
rolling moment cacIflic.ictirts are caused by ih" xorf lazs. * sed by L!Iv.
tleflcred c~llartS, * trailing paist rime tail p-antls an).. inducizlg air cr It-

tLyeq angle of at tack for each tatii panel. lT'e caniard rolliA lag srtu-nt
are' gencrall1v large r than the tail Io 1 11Ig momnk-1ts- it) I Lic i C C1t.; ,l'ui

at tlio supersonic Macht numbers,* the tatil moment nay lIt lairger Cian tflt

c an ard momncti:. I n thIi s cas e * 0c1ic re s u11 ten mo men t isý illOl thy cPUmo, ILt'
directio-n than would be logically'N eXpc':Ied WIi~i tic' Viveml c-lanad t!h: It-.
tion. 711iis phlenomenon hjas been termed ridll revel sal and is ee t:u!:
the panel data at Macli aurubers 1.05 anld 2.0 vit'; the cana~rds tinl tiv

b fowvard posit ion and Macli nuntet s 1.5 S itiotim .? w il'ii the ca'rardsz ill
the ai\ posit ion. No data were obtained for thet forward caiia-rl l!in

tions at Macli rurumter' 4.5. Roll rteversal lhas been ot'scrvee rtlusl
iii wind tunniel tests of models w~tln large canards beat 1ýd onl Ott. ,..an

body diameter as8 the planar tail.

Tot~al rolling miumnti ot.'e ficilent f run i'l 01V d i. i ti n
planar tail cornfigtirat oi.n is shown p)lotted 01n .i11 eX~ldndcd scale it,

itFigures 25 through 42. At times, sizeable2 rolling moments were -ceni



the datw when all ftyUr •Anards wtre undefiectidi thuse 9*amnts wotrd
subtracted fn e tit dat, !or 4etlouted gzaards. This type of data
correctiLon tsa vaifactory if the too deflection wnis reptsoesr
a constant "as LIn the data; hb•wevor,. t•is data odjustmiw isa hut

cortrect If the atoe doflaction Pament% are due tc a caAted detlecton
bids error. A coawtant canard or tAti ddflk'tton bias error would
create a nrnlnotr error &i rlling mnt.

'the expared scale roiling *.ent dita are shown plottea for tha
forward and aft moumtoad canard oafig~gutstion thr~vhoit the canard
deflection and Mach number range. The data are gerntral.y not eymetral
About taro hngle of attack at would bt expected fcr tht configurations
tested. The reason for this asysetry is (tot knon; however, Figures
7 through 42 ithwng tt- roll lil woment cowponent data indicate that
the aaym.etrr to due to the tail comporent rather then the canard
eoaponent. A slight staliitment of on. or more of the tall panels
mAy be the culprit; because, ad previously stated, error* due to panel
misalilgrant would be nonlinear with angle of attack. The rclling
*antse arte gonarlly -n the expecttd direction 6;4boonically end
transonically, but in the supemsonic Mach number rarne, the telling
tmeunts are in rho reverse direction than would be expected for both
th" configuratlons tested. The reason for this is not known other than
%.he physical fact that the :64"nent of rolling woment due to the tail
panels .'s larger than the (--ponont du. to the canards. Roll reversal
is clearly shtvn in figure 43 for aero angle of attack and differential
canard deflections of 5t.

D. filn Tail

Figures 44 and 45 show rolli..g msaent coefficients Lur
the :in& tail configuration as calculsied from the canart balanc*-s
alone, h•. tail alone, the canard-tail balance combination, and the
main blance. These figures thow that the ri,)p tail, unlike tho planar
tail, does rot develop large induced rolling moments it the Mach numbers

b tented. because of this fact, small canards in rjobtnatton with a ring
tail appear to be tar more effective as a mians of roll control than
"small canards in line wat, an equivalent planar tail. Variation of
rolling moment coefficient from the uAin balance as a function of angle
of attack and ciiard deflectLot angle for the ring tail configuration
is shown in Fidures 46 and 47. Rolling woment coef(itient for tho ring
tail configuration is a linear function of canard differential deflec-
tion ane does not vary with angle of attack as do*& the planar tail
con•iguration over the pdraimeter ranges tested. A coaparison of
rolling wom-?nts from the planar tall and ring tail are shown in
Figures 48 and 49. The rlflU tall configuration (;us* hava the possible
disadvantage of increasing the missile drAs from that of a planar tail
configuration with approximately the same characteristi%s. The drag
increase Is sl'uatn in Figure 50.

I9



IV. SUMMARY AND CONCLUSIONS

This report is a study of effectiveness of small nobe mounted
canards as roll control devices, moderate canard deflection angle, and
small angles of attack. Wind tunnel data were obtained for canards in
two different longitudinal positions. Mach number was varied from 0.6
to 4.5, canard differential deflection angle from -3* to 5%, and angle
of attack from -3* to 6°.

The following conclusions were drawn from this study. Small, nose
mounted canards in combination with an in-line planar tail are not
effective as roll control devices unless decoupled froyr the tail panels
because the vortex induced tail rolling moments are of the sane magni-
tude as the rolling moments developed by the canards alone. The net
rolling moments are generally only approximately 10% as large'as the
rolling moments developed by the canards alone. In the supersonic
Mach number range, the tail component of rolling moments may actually
he larger than the canard component, Pnd in the opposite direction,
leading to the condition known as roll reversal.

Small, nose mounted canards in combination with a ring tail,
however, show promise as roll control de-ices because the canard
induced vortices do not cause any significant tail rolling moments.
A ring tail giving approximately the same stability characteristics
as a planar tail does, however, cause some increase in total missile
drag.

IL is recommended that further wind tunnel teSt, be conducted in
the subsonic ant transonic Mach number range to supplement the rather
small amount of canard-ring tail configuration data available. Varia-
tions in ring tail planform and mounting strut design should be included
in these tests.

10

I -II

___ _ __



V

'a
I,,
"I

C
-4

-4
ci

-n
C

-4

C)

C-

1FJ!I�
1.4

S S

11

S



U)

IX I

Li
0

Co

w. 0

0

LU1

r-4

z oo

2 > 00
S0 

o

z4 u 00
0 CC 0

u 5z

•...

Oz

zJ 4 C4

00

-Iw

12



'AA

49

2
jo

- o

1. .4

4

)o a
4

ant

'-4

131



K •- HINGE LINE
0.015 R TYPF I TflLE AND TE

2.48 060 0.03
TYP - TYP

1t. 250 -7
3.7 1.51

4700- TYP {
E OO TYP

MS 52.00 
01

- P 2. -100 .667 JI .
< 7 0.01S R T. P I - 'YP

TYP

PLANAR TAIL PANEL CANARD PANEL

SECTION A-A

150-Y) 0.01 R (TYP) 0 125I1SOO' ITYP) --• •_

THICKNESS VARIES FROM 0.02 TO 0.125

A r ,A

MISSILE

BODY

I,L

0 2-0 BALANCE-SUPFORTED STRUTS

900. 4. NOTE: VERTICAL STRUTS ARE NOT ATTACHED

MS 52.00 TO THE MISSILE BODY.

ALL LINEAR ARE DIMENSIONS IN INCHES;
NOT TO SCALE

RING TAIL

Figure 4. Planar tail, ring tail, and canard panel.
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CNC CN VIW C C4CN T NIV C NT

VIW

-LOOKING - LOOKING
FORWARD FORWARD

CNC3

CANARDS TAIL FINS

/ I I• -i
CNc4 CN CM4c 4

* CNT
CNT 2ý

CMF POSITIVE CLOCKWISE LOOKING FORWARD

Figure 5. Axis system and positive sign convention (typical).
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SYM RUN COWP MACH DELTAI OF.LTA2 DELTA3 DELTA4

a 776 CANARD 0.60 5.06 -5.13 -4.06 &W0

S778 TAIL 0.60 6 C, -5.13 -5.06 S.00

776 CAN-TL 0.60 5.06 -513 -5.06 1.00

0 770 MAIN 0.60 &06 -5.13 -5.06 IL00

0-08 T NOTE: DP.LTAS PERTAIN TO

CANANDSONLY

0.06 1

TAIL COMPONENT

0.0

Uji

CANARD COMPONENT

ANGLE OF ATTACK

Figure 7. Component rolling moment coeffic'ent,
MW- 0.6. forward canards, planar tail.
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RM U COW MACH DELTA I DELTA DCLTA3 DiLTA4
0 757 CANARD 0aft0 A-5.13 

-, ,01
4 5?7 "At 0 606 -(Aft 

4 
l.01a 57 CAN-TL 060 &-.13 -&060' ) 7 M A IN CLOD t ooi0 - 5 ,-13 - 6-041 0

0.04 -- 0 &01

-
fPANEL ABALOANF$

0-cpa-0.0.
CANARD COWIONENT

S~-006.

t - 0 .0 4

t ANGLE OF ATTACK
S •"Figure 

8. Componeat rollitig moment coefficient,
0= -08s forward canards* planar tail.,
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"SYM RUN COMP MACH DELTA I DELTA 2 DELTA3 DELTA4
@ 701 CANARD 0.90 L06 -LI1 -5,05 5.02
A 701 TAIL 0.90 506 -,11 -5.05 5.02
x 701 CAN-TL 0.e0 506 -LOG -5.05 &02
O 701 MAIN 0.90 5,06 -511 -LS0• , 02

0.08

0.06
TAIL COMPONENT

0.04'

0.02

PANEL BALANCES

-4 -2

EE -0.02

CANARC SAL ANCE$

I,

S~ANGLIE OF ATTACK

t• Figure 9. Componert rollins uoment coefficient,
I • ~H - 0.9, forw~ard canards, planar tail.
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3vM NUN COJMP MACH4 OELTAI Of' 1A2 DELTA 3 DELTA 4
e) 670 CANARD 1.25 LO07 -15,12 -SOS &.01
40 670 1AIL 1.05 L07 -1.12 -606 5&01

1 670 CAN-TI 1.06 5L07 -6.12 -5.05 &01
C 67G MAIN 1.06 6.07 -5,12 -606 &.01

TAIL COMPONENT

IL0 PANEL BALANCES

CANARD COMPONENT

ANGOLE OF Al TACK

Figure 10. Comrponeat tolling~ momrent coefficient,
Mw, 1 .05, fo4ward canards, planar tail.
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gym RUN COW* MACH DILTAI1 DIELTAI DILTAS D§LTrA4

a 651 CANARD 1.2% to$ -&11 -500 1.00

S 31 TAIL 1.21 &06 -V12 -t4.0 50

TAIL C016 11NSN¥

0.02

S;- • t _•, ,o~oT't-- C •* 'ONoj

• •pax." PANEL ItLANC-S

II

-0.02-

-IX04

CANARD COMPONENT

ANGLE OF ATTACK

Figure 11. Component rolling moment coefficient,

M , 1.25, fot,4ard canards, planar tail.
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SYM RUN •,MP MACH DELTA 1 %OTA 2 R LTA4
0 46= 1.50 4.90 .95
0 43 TAIL 1.50 -4.95 5.04 -4.96 &04
M 43 CAN-TL 1.50 -4.9S 604 -4.95 &04
0 463 MAIN 1 .50 -4-9b b.04 -4.96 &040604--

0.06°

TAIL COMPONENT

MPANE BALANCES

711

CANARD COMPONENT

"• ~-0-0 --

-0.0

ANGLE OF ATTACK

Figure 12. Component roll1ia moment coefficient,* - 1.5, forward canards, planar tail.
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SYM RUN r.OMP MACH 04LTAI DELTA1 2 DOLTA 3 DELTA4
0 417 CANARD 1 H 4.V4 -500 -4.9 06s
4 457 TAIL 1 06 -4." &06 -4 1 101
x 457 CFIN-TL 1." -4.95 t0o -4.16 105
Q 467 MAIN I." -496 US0 -495 L06

008 -

0,04--

0.04

TAIL COMPONENT

iMAIN BALANCE

--

w

-0.02 PANCL SAL ANCES
--

b -0.04

CANARD COMPONENT

-0.06-

"-0.08
SANGLE OF ATTACK

Figure 13. Component rolling moment coefficient,
. - 2.0, forwird canards, planar tail.
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SYM RUN COMP MACH DEL.TA 1 DELTA 2 DELTA 3 DELTA 4
0 242 CANARD 3,01 5.01 -&0O1 -4.99 5,02
a 242 TAIL 3.01 5.01 -5.01 -4.99 5.02
x 242 CAN-TI 3.01 5.01 -5.01 -4.99 b602

C 242 MAIN 3.01 6.01 -5.01 -4.99 %02
0.08 j

0.06-

0.04-I
TAIL COMPONENT

0-0

0.02

U.
U-

0 O XX.XV-j ~2 4 6

Uj 4 -2PANEL BALANCES

Zx

0

CANARD COMPONENT

-0.04-

-0.06-
-0.061

ANGLE OF ATTACK

Figure 14. Component rolling moment coefficient,
N=3.0, forward canards, plý2nar tail.1
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SYM RUN COMP MACH DELTA1 DELTA2 DELTA3 DELTA4
o 106 CANARD 0.60 4.99 -5.07 -5.04 4.990 105 TAI L 0660 4.99 -5.07 -5.04 4.99
x 106 CAN-TL 0.60 4.99 -5.07 -5.04 4.99
0 105 MAIN 0.60 4.99 -5.07 -5.04 4.990.08

TAIL COMPONENT

I
0.04

0.02

2

tL
U.S2 4 6

PANEL BALANCES

aE MAIN BALANCES

[z -0o0 o2
-0.06

.J

-0.04

•':CANARD COMONN

-0.081

ANGLE OF ATTACK
Figure 15. Component rolling moment coefficient,

W = 0.6, aft canards, planar tail.
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SYM RUN COMP MACH4 DELTA 1 DELTA 2 DELTA 3 DELTA 4

0 59 CANARD 0.80 5602 -5.07 -6.03 5L00
0 59 TAI L 0.80 IL02 -&.07 -6.03 &00I
x 59 CAN-TI 0.80 5L02 -5.07 -5.03 &.00

0 59 MAIN 0.30 &02 -r%07 -5&03 &.00

TAIL COMPONENT

0.04--i

0.02-

0
NEC

U01 ___00

z - -
::5MI AAC

-0.04 I
ri CANARD BALANCES

-0.08

ANGLE OF ATTACK
Figure 16- Component rolling moment coefficient,

N=0.8, aft canards, planar tail.
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SYM HUN COMP MACH DELTA 1 0 A 2 D 3 DELTA 4
0 CANARD 0.90 &00 - - 3 4.9

TAIL :5.02 4.
CAN-TL & it HS &O480 MAIN 0.90 %00 -5.02 4."

TAIL COMPONENT

0.04-

I-

0.0

"-. PANEL BALANCES

0

g• _______ MAIN BALANCE

Ixx

"•~06 -o.0-

--0.06- CANARD COMPONENT

-0.08

ANGLE OF ATTACK

Figure 17. Component rolling moment coefficient,

MW 0.9, aft canards, planar tail.
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SYM RUN COMP MACH DELTAI DELTA2 DELTA3 DELTA4
79 CANARD 1:81 k.99 -5.06 -Lot 5.o079 TAIL 1 -0 -79 CAN-TL 1.5 -5 -501 J79 MAIN 105 4.99 &05 -Sl 5•00

TAIL COMPONENT

I-0

0.02-

PANEL BALANCES

z
-J

0-J

I._

I; MAIN BALANCE

-0004-

'k, -0.08

ANGLE OF ATTACK

Figure 18. Component rolling moment coefficient,
= 1.05, aft canards, planar tail.
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SYM RUN COMP MACH DELTA1 OELTA2 DELTA3 DELTA4
0 65 CANARD 1.26 4.99 -1 0

CAN-TL 1.25 4,99 - -6.01 s1ao
MAN 1.26 4,99 -4.99 -5.01 &00

0 66 MAIN 1.26 499 -4.99 -6.01 &0oo
0.06

4,06-- TAIL COMPONENT

0.04-

I- 0.02

U.
U.

S:I I I I I '
, -4 - 2 4 6

;IPA`NEL BALANCES

b.

4 -CANA RD COMPONENT

ANGLE OF ATTACK

Figure 19. Component rolling moment coefficient,
MM- 1.25, aft canards, planar tail.
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SYM RUN COMP MACH DELTA1 DELTA, DELTA3 DELTA4
CANARD 1.50 4.7 -41 -0O 4STA iL 1.50 4.57 -4 -02
CaM-, 4.7 -49 -02 4.96AiN 487 -4.96 -&01 4.96

TAIL COMPONENT

PANEL BALANCES
U. x

bz

rA o, -2 2,,__

MAIN BALANCE

-. J-0.02-
'--
0

-0,04 .. •

CANARD COMPONENT

S.• ~-0.06..--

ANGLE OF ATTACK

Figure 20. Component rolling moment coefficient,
M- 1.5, aft canards, planar tall.
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SYM RUN COMP MACH DELTAI DELTA2 DELTA3 DELTA4

A ý ANARD 2.0 4.66 -4.95 -Lai 4.97
j TAI 2.0 -O 4.7 -50 4~

x 60 CAN1-T 8' US 47 603 47
<) 00 MAIN 2.00 -5,0 4.97 -6,03 4.97

0.03-

406-.

TAIL COMPONENT

0.04-

Ur.
t-CL02-

uI

S~PANEL BALANCES

+" -4 -22 4 6

MAIN BALANCE
4.,

- -0.02o

CANARD COMPONENT

_ -0.04

Yi

-0.06--

-0.08

ANGLE OF ATTACK

Figure 21. Component rolling moment coefficient,

MW- 2.0, aft canards, planar tail.
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I
SYM RUN COMP MACH DELTA1 DELTA2 LLTA3 DIELTA4

190 CANARD - -02 L01
gAN-I 

it160 TL 
-I

0 IGO MAI N t.oo -&0of0

0116

I
0.044

TAIL BALANCES

o.02I-

0LU

2o 0

E 
PACNAEL BALANCES

I GOI -" 1

-J 
ANR BALANCES

ANL CANARDAC

-o ;: -. o .

I."

*' 
ANGLE OF ATTACK

Figure 22. Component rolling moment coefficient,MW 2.5, aft canards, planar tail.
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SYM RUN COMP MACH DELTA1 DELTA2 DELTA3 0ELTA4
$A-411 14.71"

CAIARD &.0 4.31 Lt -0 4.7T CAN-IL 48 1 1 - 4.7
14 MAIN 4.81 4.7

O0lS -

004

TAIL BALANCES

SA/ MAIN BALANCE

-Q102- PANEL BALANCES

7j

CANARD BALANCES

8 - 6 Os

' -0 08

ANGLE OF ATTACK

Figure 23. Component rolling moment coefficient,

M = 3.0, aft canards, planar tail.
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SY ~NCANAR LuC DELTA I DELTAI DELTAS DILTA4'o W TAIL~D45 4831 -1602 -411 4.79~~ U TAIL 4.61 .?2-4I .aCAN...L 4.6" 4.3 -L02 -4 W0 4.7*o * MAIN 4021 4.31 -1602 -Aft

0.06

Q020

PANEL ~ o BAANE rFFIERE

b

-0.03

Figur 24.ANGLE OF ATTACK
Fiue 4 Component rolling moment coefficient,41 -45, aft canards, Planar tail.
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SYM RUN CONFIG MACH DILTAI 14LTA2 DELTA) DILTA4
o 707 0.00 -300 &00 100 -&00
6 M FORWARD0.U 0,00 00 000 k 004LO
x 770 0.00 M10 -0650 -0LO 0.60
0 772 CANARDI 0,00 1.00 -1.00 -1.00 1.00
o 774 0600 zoo -. 00 -200 2.00
0 77 0.00 LO0 -LO0 -0.00 &.00

06012

14 01 6,0

I-
,-3 2

V

up -0.004

-. 1012

"ANGLE OF ATTACK

Figure 25. Total rolling moment coefficient, M - 0.6,
forward canards, planar tail.
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SYM RUN CONFICi MACH DELTAI DILTA2 DELTA3 DELTA4
o 741 0.10 -&00 300 100 -3.00
6 749 FORWARD 0.,0 0.00 0.00 0.00 0.00
* 751 0.10 1.50 -0,60 -0.90 0,50
O ?3 t.ANAROS f.1 0 1.00 -1.00 -1.00 1.00

o 755 (Leo 2.00 -o00 -Loa .00
0 757 also ILO -&00 -5.00 &00

0.012-

0o006

0U00

I -.
CC =5

5ANGLE OF ATIACK

Figure 2, Total rolling moment coefficient.

M. 0.8. forward canards, planar tail.
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SYM RUN CONFIG MACH DELTA1 OELTA2 OELTA3 DFLTA4
o 092 0690 -100 3.00 3.00 -100
0 093 FORWAPD 0,90 0.00 0.00 0.00 0.00
- 096 0.90 0.0o -0.10 -0.60 0.50
0 097 CANAROS 0690 1 00 -1.00 -1.00 1.00

o 6"0 0690 2.00 -2.00 -2.00 2.00
o 7o0 0.90 LOO -LOO -&,00 o IO

0.012

0600e

0.004

2

-4-2 2 4 6

z -0.004

2

o -0.008

b

-0012

ANGLE OF ATTACK

Figure 27 Tocal rolling moment coefficient,

M, - 0 9, forward canards, planar tail.
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SYM RUN CONFIG MACH DELTAI DELTA2 DELTA3 DELTA4

0 669 1.05 -3.00 3.00 3.00 -3-00
S670 FORWARD 1.05 0.00 0,00 0.00 0.00

x 672 CANARCS i.05 0.50 -0.50 -0.50 0.50

e 674 1.05 1.00 -1.00 -1.00 1.00
o 676 1.05 2,00 -2.00 -200 zoo
a 67n 1.05 5.00 -5.00 -5.00 5.00

0.012-

Uii

u

z 01008-

-- 3

I-

LLL

0 -2 2l 4. 61

- 0-

0

e ANGLE OF ATTACK

Figure 28. Tot.al rolling moment coefficient,

S.N = 1.05, forward canards, planar tail.
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0 643 FORWARD 1.25 0.00 0.00 0.00 0.00

0 647 CANARDS 1.25 100 -1.00 -. 0 1

691.25 -300 -200 32.00 -. 00

0.008-
LJ

41

0wo

-3

0

r'i Ix 2
ANLzFATC

Fiur 29xoa oln oetcefcet0.004I
z .5 owr aadpaa al

03

M

_M08-



SYM RUN CONFIG MACH DELTA1 DELTA2 DELTA3 DELTA4S 459 O 1.50 -3.03 3.01 3.04 -3.04
6FORWARD 1.51 0.03 0.00 0.05 0.01

x 460 CNRS 1.50 0.01
0 460 1.50 0.52 -051 -0.45 0.51
S 46 CANARDS 1.50 0.96 -1.03 -0.94 0.99

o 462 
1.50 1.97 -2.00 -1.92 1.98

o 463 
1.50 4.38 -5.02 -4.95 5.04

0.012

0.008

wzI-

U.F,

z
5 0

z_ 
022

00

2I-3t,2

4-

_j-

0--

".. ~Figure 30. Total rolling rnomen coefficient,•"•H= l,5, forward caadplanar tail.
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SY RU4 C o2I M A CH D E L TA , I T A
0 5 FORWARD 1.99 -3.03 30EA2 DIELTA3 OELTA4x 441.99 0.05 -0.01 3.070 455 CANARDS 1-99 0.53 -0.501 0.06 -300 461.99 0 -. 0 04 0.060o 5 1. 29 1.99 -1.02 - . 3 0.541.9 1 .9 -1.99 -0.93 1.010.012 4.99 -00 -1.92 1.98-. o -4.95 5.05

0.008

0.004

0-2

I0.

ANG E O0A0 AC

F~gu~ ~ To~a1 olai g n on20,j 
f r a d ' 3 lrsa

-0.008ie

415
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SYM RUN CONFIG MACH DELTA 1 DELTA2 DELTA3 DELTA4

0 101 AFT 0.60 -300 3.00 3.00 -3.00

0 102 0.60 0.60 -0.50 -0.60 0.50

103 0.60 1.00 -1.00 -1.00 1.00

( 104 CANARDS 0.60 2.00 -2.00 -2.00 2.00

0 106 0.60 5.00 -5.00 -5.00 &.O0

0.012

0.008

I-

-. 004

bz

2-0.012

S~~~~ANGLE OF ATTACK '••- -

Figure 33. Total rolling moment coefficient, 0.6 0.6

,•,: ~aft canards, planar tail. I..
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SYM RUN CONFIG MACH DELTA1 DELTA2 DELTA3 DELTA40 60 AFT 0.80 -3.00 3,00 300 -. 00"" 6 0.80 0.50 -0.50 -0.60 0.50
0 CANARDS 0.80 1.00 -1.00 -1.00 1.000.80 5.00 -5.00 -5.00 5.00

0.012

0.008
LU

616 
1

2

2- -3 -3
U 0.5 24 

:
4

U.

x

w

I• -0.004-.j 

.

-a-

0

-0.008

-0.012

ANGLE OF ATTACK

Figure 34. Total rolling moment coefficient,
SM 0.8, 9ft canards, planar tail.
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SYM RUN CONFIG •IN DELTAI DELTA2 DELTA3 DELTA4
0 84 AFT 0. -3.00 moo 3.00 -&004 83 0.90 0.50 -0.50 -0.50 0}.50

82 C ANARDS 0`90 100 -1.00 -1.00 1.000 011.90 2.00 -O -2.00 -Zo zo
0 OD) 0.90 &,00 -&,00 -5.00 5.00 -

0.012

0.008

' 'UUj

|r -- 0 ,004 -61

81 -3

3 0o 4 -

.
2

z!

i " 0

;K 
ANGLE OF ATTACK

! •. Figure 45. Total rolling moment coefficient,•. •. - 0.9, .ft canard, planar tai,,.
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I

SYM RUN CONFIG MACH DELTA I DELTA 2 DELTA3 DELTA4
0 75 AFT 1.06 -3.00 3.00 300 -3.00A 78 CANARDS 1.05 0.50 -0.50 -0.50 0.5077 1.05 1.00 -1.00 -1.00 1.00S 79 1.0S &00 -5.00 -5.00 5.00

-0.012.

0.008

S61-30• , -3•

z

LU

- 0.5.2 6

.),

-O00

061
00

ANGLE OF ATTACK
Figure 36. Total rolling moment coefficie~nt,

MIX 1.05, aft canards, planar tail.
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SYM RUN CONFIG MACH DELTA I DELTA 2 DELTA3 DELTA4
O 6L AFT 1125 -3.00 300 300 -&00
a 62 CANARDS 1.24 0.50 -0.50 -0560 0.50
x 63 1.25 1.00 -1.00 -1.00 1.00
0 64 1.25 2,00 -2.00 -z.00 2.00
o 65 125 L00 -LOO -&00 L.00

0.012

0.000

-3 16

-3

z A__ _ _ _ _ _ _S_4 -2••.j 2 4

x 2

2

0l
4

ANGLE OF ATTACK

Figu-' 1'1. Total rolling moment coefficient,
ýft 1.25, aft canards, planar tail.
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SYM RUN CONFIG MACH OELTAI DILTA2 DELTA3 DELTA4
0 49 AFT 1.O0 -3.08 X.9 2.99 -3&11
& I1 CANARDS 1.50 -005 -0.02 -0.06 -0.0?
x 53 1.50 0.43 -0,47 -0.40 0.43
0 55 1.50 0.91 -0.93 -1.01 0.93
0 67 1.50 1.23 -X00 -1t.99 V,94

0 5 1.50 4.837 -4k -&.02 4991
0.012.

61

0 5

6 0.008

5 LI

2

. -0.004-

I :-

t0.
2

00

"ANGLE OF ATTACK

Figure 38. Totdl rolling moment coefficient,
M - 1.5, aft canards, planar tail.
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SYM RUN CONFIG MACH DELTAI DELTA 2 UELTA3 DELTA4

O 50 1.99 -3&06 299 2.91 -3.11
S 2 AFT 20o -0.04 -002 -0.05 -0.07

S54 200 0.43 -0.40 -0,40 0.44

O 6 CANARDS 199 3.93 -0-93 -1.01 Q93

o 5 1." 1.93 -2.00 -196 1.96

0 0 2t00 4M0 -4.96 -5.03 497
0.012 -

0I

61

I S I
2 e -3o

.0.

I

LuI

00
z

-r-53
0

-0.0086

-0.012
ANGLE OF ATTACK

Figurp 19. Total rolling moment coefficient,

NH - 2.0, ift canards, planar tail.
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MAIN BALANCE N1 9C1 T 1 (AFT POSITION)

0-0, 6  .6 .5O
0.01 6:- ; 6c4 -so

0 - -
41.0 20 10O '1. 5101 0[1 - I o

-01.01

-0.02 -

N1 BC1 T1 (FORWARD POSITION)
Q0,h - 50

0.01 6 -6 5

0.01 C2  C3

I

Go"o
0 1.0 20.0 4.0 5.0

U M0

-0.01

-a102L
Figure 43. Effect of Mach number on rolling moment

coefficients, a 0, = +5
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SYM RUN COMP MACH DELTAI DELTA2 DELTA3 DELTA4

0 46 CANARD 2.50 4.80 -5.02 -5.00 4.79

0 46 TAIL 2.50 4.80 -502 -5.00 4.79
x 46 CAN-TL 2.60 4.80 --&02 -5.00 4.79

0 46 MAIN 2.50 P180 -6.02 -&.00 4.79

0.068-

0--4

w 0.02-

W. TAIL COMPONENT

w

-4 -2 2 4 6

0-J-
-. MAIN BALANCE x~-0.02

,ýX-x--x-'-X-'-- -"x
XX~ -,COMPONENT BALANCES

CANARD COMPONENT
-0.04--

',,-

-0.06--

-0.08

ANGLE OF ATTACK

Figure 44. Coy 1 'pt rolling moment coefficient,

M = 2.5, aft canards, ring tail.
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SYM RUN COMP MACH DELTAI DELTA2 DFLTA3 DELTA4

O 8 CANARD 4.52 4.81 -4.99 -4.99 4.76

0 8 TAIL 452 481 -4.99 -4.99 4.76

x 8 CAN-TL 4.52 4,81 -4.99 -4.99 4.76

0 8 MAIN 4.52 4.81 -4.99 -4.99 4.76

0,086-

0.06

0.04

I+

+,• 0 .02 --

z

W_ I
"w - - 2, 240

-0.02 - -

z

0

- 0 .0 4 - -

II

i - 0 .06 - -

0.08

ANGLE OF ATTACK

Figure 45. Component rolling moment coefficient)

M 4.5, aft canards, ring tail.
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117-

a.() o RINGTAIL (N1BC1TR)

0.6 6-o0 0 PLANER TAIL MN1BCIT 1 )

065

(14-

16%
coo INCREASE

Q222%

0.1-

!0

[ ;oI II, '

0 1 2 3 4
: .MACH NUMBER

t.

Figure 50. Change in drag due to ring tail.
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LIST OF SYMBOLS

A Referencc area, mdximum bcdy cross section, 19.63 in.

CM Cx Root bendin6 moment coefficient for canard No. x, MBCX /QAD

C Root bending moment coefficient for tail No. x, MB TX/QAD
N8 x

CMR Model rolling moment coefficient

C MRolling moment coefficient due to canards only, MR C/QAD

CH Model rolling moment ccefficient with undeflected canards

0

CM Rolling moment coefficient due to tails only, M/QAD'I
CNc Normal force coefficient for canard No. x, Ncx/QA

CNTx Normal force coefficient for tail No. x, NTx/QA

D Body maximum diameter, reference diameter, 5.0 in.

M. Free stream Mach number

H Root bending moment for canard No. x

B TX Root bending moment for tail No. x

M RC Rolling moment due to canards only

NRT Rolling moment due to tail only

NCx Normal force for canard No. x

N Normal force for tail No. x
TXIi;2 2q Dynamic pressure, 1/2 oV , lb/ft
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Ii
. C .....- Body radiuts St the canard hinge point

RT Body radius at the tail hinge point

V Free stream velocity -

x Canard or tail panel number

a Angle of attack (deg)
6Cx DEL Deflection angle for canard No. x (deg)
Cx'L x

P Free stream density

6

I

Y*1

II
-N!
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